as it closes the anthropogenic carbon cycle and leads to the production of sustainable transportation fuels on a global scale. However, the low mass conversion, poor selectivity, and/or low energy efficiency of current approaches have hindered their industrial implementation. Here, we experimentally demonstrate the solar-driven thermochemical splitting of CO 2 into separate streams of CO and O 2 with 100% selectivity, 83% molar conversion, and 5.25% solar-to-fuel energy efficiency. This benchmark performance was accomplished using a 4 kW solar reactor featuring a reticulated porous structure, made of ceria, directly exposed to 3000Â flux irradiation and undergoing redox cycling via temperature/pressure-swing operation. The dual-scale interconnected porosity (mm and mm-sized pores) of the ceria structure provided volumetric radiative absorption and enhanced heat/mass transport for rapid redox kinetics, while 500 consecutive redox cycles further validated material stability and structure robustness. A detailed energy balance elucidates viable paths for achieving higher efficiencies and for large-scale industrial implementation using an array of modular solar reactors integrated into the established solar concentrating infrastructure.
Introduction
Sustainable utilization of liquid hydrocarbon fuels for transportation can be realized with the help of technologies that convert CO 2 into fuels using solar energy. 1, 2 The key indicator of their economic feasibility is the solar-to-fuel energy efficiency Z solar-to-fuel -defined as the ratio of the heating value of the fuel produced to the solar energy input -but current values obtained for the solar splitting of CO 2 into CO and O 2 are still in the single digits. The highest efficiencies reported for solar-driven electrochemical and photochemical processes are 6.5% using a PV-electrolyzer, 3 2% using a PV-photoelectrochemical cell, 4 and less than 1% for photochemical cells. 5 These approaches use water as the electron source and co-produce H 2 , but neither the fuel purity nor its quality (e.g. H 2 : CO ratio) can be well controlled, usually producing an impractical fuel highly diluted in unreacted CO 2 as well as introducing costly downstream processing for adjusting the fuel composition. Of particular interest is the splitting of pure CO 2 in the absence of water, as it closes the anthropogenic carbon cycle without constraints on water availability, provided that CO 2 is captured from air or is derived from a biomass source. It further enables a better control of the CO 2 -to-CO conversion and, therefore, the fuel purity. If liquid hydrocarbon fuels are the final target, the separate splitting of CO 2 and H 2 O for producing both CO and H 2 is advantageous as it enables tight control of the syngas's purity and quality required for gas-to-liquid processing. This approach is supported by detailed techno-economic analyses 6, 7 that point to the energy irreversibilities and cost penalties associated with splitting only H 2 O, shifting a portion of H 2 to CO via the endothermic reverse water-gas shift reaction (H 2 + CO 2 = H 2 O + CO, DH 273K = 41 kJ mol À1 CO 2 ) to obtain the desired H 2 : CO ratio, and separating unreacted CO 2 . In contrast, if the targeted fuel is CH 4 , the splitting of H 2 O followed by the exothermic Sabatier reaction (4H 2 + CO 2 = CH 4 + 2H 2 O, DH 273K = À164 kJ mol À1 CO 2 ) may be the preferred path because of the higher Z solar-to-fuel and fewer steps. Solar thermochemical approaches for splitting CO 2 using concentrated solar radiation inherently operate at high temperatures and utilize the entire solar spectrum, and as such provide a favorable thermodynamic path to solar fuel production with potentially high Z solar-to-fuel . The thermodynamic limit is given by 8 Z solar-to-fuel;ideal
where C is the solar flux concentration ratio, I DNI is the direct normal solar irradiation (DNI), s is the Stefan-Boltzmann constant, and T H and T L are the high and low temperatures of the equivalent Carnot heat engine. Setting I DNI = 1 kW m À2 as typical for clear skies, C = 3000 suns as attainable with solar concentrating systems, 8 T H = 1773 K as the upper temperature of the thermochemical process described in the next paragraph, and T L = ambient temperature results in Z solar-to-fuel,ideal = 68%, which is more than 50% higher than the thermodynamic limit of efficiency for an ideal multi-junction light absorber powering an electrochemical cell. 9 Notably, the infrastructure for concentrating the DNI to 3000 suns is already established for largescale commercial solar thermal power plants (CSP plants) in the form of decentralized solar dishes or centralized solar towers. 8 Still missing to date is a viable solar reactor technology at the focus of these systems that captures the concentrated solar radiation, converts it into process heat at 1773 K, and uses it efficiently for splitting CO 2 into CO and O 2 .
In contrast to the direct thermolysis of CO 2 , two-step thermochemical cycles using metal oxide redox reactions bypass the need for high-temperature CO/O 2 separation. 8, 10 In the first endothermic step at T reduction , the metal oxide is endothermally reduced using concentrated solar process heat to generate O 2 .
In the second exothermic step at T oxidation , the reduced metal oxide is re-oxidized with CO 2 to generate CO. Such a redox cycle can also be applied for splitting H 2 O into separate streams of H 2 and O 2 by simply substituting CO 2 for H 2 O in the oxidation step (eqn (3)). Among the candidate metal oxides, ceria has emerged as an attractive redox material because of its high oxygen ion diffusivity, crystallographic stability, and abundance in the earth's crust comparable to that of copper. 11, 12 The redox cycle is represented by the net reactions listed in Table 1 pressure-only-swing mode, suffers from low fuel yields imposed by the thermodynamics. [14] [15] [16] [17] It is evident that a proper combination of both temperature-swing and pressure-swing modes can alleviate the aforementioned drawbacks and facilitate flexible operation for maximizing Z solar-to-fuel . For example, application of a moderate pressure swing to reduce p O 2 from 10 to 0.1 mbar and operate the reduction step at T reduction = 1500 1C and p O 2 = 0.1 mbar (eqn (2)) and the oxidation step at T oxidation = 900 1C and p CO 2 = 1 bar (eqn (3)) enables an increase of Dd by a factor of 2.5 (from 0.016 to 0.040), 13 or alternatively it enables the same Dd value of 0.016 while lowering T reduction from 1500 to 1390 1C. Both situations lead to an increase of Z solar-to-fuel because of the higher specific fuel output (the former case) or reduced heat losses (the latter case). The optimal combination of Dp and DT depends strongly on the energy required to perform the reduction at a low p O 2 value. Previous experimental work employed a flow of inert gas to maintain a low p O 2 and sweep up the O 2 evolved during the reduction step [17] [18] [19] [20] but the 
Oxidation at T oxidation and p CO 2 (p total = 1 bar) [18] [19] [20] rotating components, [21] [22] and moving particles [23] [24] [25] have been proposed for effecting the ceria redox cycle. For all, efficient heat/mass transfer are desired characteristics that are, obviously, strongly dependent on the material morphology and reactor configuration. We have investigated various ceria porous structures enclosed by a solar cavity-receiver, including monolithic bricks 18 and fibrous felts 19 with mm-size pores, as well as reticulated porous ceramics (RPC) with mm-size pores. 26 The best performance to date was obtained using a RPC structure featuring dual-scale porosity with interconnected pores in the mm and mm ranges. 27 This is because the larger void size of the mm-sized pores enables efficient heat transfer by volumetric absorption of concentrated solar radiation during the endothermic reduction (eqn (2)), while the smaller void size of the mm-sized pores within the struts provides a high surface area for fast reaction rates during the exothermic oxidation with CO 2 (eqn (3)). Using this dual-scale RPC structure we have recently demonstrated 28 the entire production chain to solar kerosene from H 2 O and CO 2 . The syngas's quality was shown to be suitable for direct FischerTropsch synthesis 28 and methanol synthesis. 29 Z solar-to-fuel reached 1.72%, partly because of the energy penalty associated with inert gas consumption as well as non-uniform temperature and fluid flow distribution. 26, 28, 30 Here, we describe the design and operation of a solar reactor for performing the splitting of CO 2 with an energy efficiency that has been boosted by a factor of 3 (or a factor of 13 higher than the value obtained for structures with only mm-size pores 18 ), while simultaneously yielding total selectivity and high molar conversion. The stable experimental results obtained under realistic high-flux operational conditions provide compelling evidence of the viability of the solar thermochemical redox technology for converting CO 2 to fuels on a large scale.
Solar reactor

Design
The solar reactor is shown schematically in Fig. 1 . Its configuration has been optimized by applying 3D heat transfer and fluid dynamic computations. 30 It consists of a 100 mm-inner diameter, a 75 mm-depth cylindrical cavity-receiver with a 4 cmdiameter circular aperture sealed by a 4 mm-thick clear fused quartz disk window for the access of concentrated solar radiation. The cavity contains an octagonal 25 mm-thick RPC structure made of pure ceria. With this arrangement, the RPC structure is directly exposed to the high-flux irradiation, enabling volumetric absorption and uniform heating.
Materials
The RPC parts with porous struts, i.e. with dual-scale porosity in the mm and mm range, were fabricated by the replication method with a subsequent infiltration step. 27 A slurry was made of cerium(IV)-oxide powder (particle size o5 mm, 99.9% purity, Sigma-Aldrich), 15 wt% water, 30 wt% carbon pore-forming agent (particle size 0.4-12 mm, HTW Hochtemperature-Werkstoffe GmbH), 0.83 wt% organic deflocculating agent (Dolapix CE 64), 20 wt% polyvinyl alcohol binder (Optapix RA 4G), and an antifoaming . The RPC parts, comprising 8 panels and 1 disk, were arranged in an octagonal shape as shown in the photograph in Fig. 1 . The total mass load was 1728 g.
Experimental setup
Experimentation was performed at the High Flux Solar Simulator of ETH Zurich. An array of seven Xe-arcs, close-coupled to truncated ellipsoidal reflectors, provided an external source of intense thermal radiation, mostly in the visible and infrared spectra, which closely approximated the heat transfer characteristics of highly concentrating solar systems such as towers and dishes. The radiative flux distribution at the aperture plane was measured using a calibrated CCD camera (BASLER, A 1021) focused on a refrigerated Al 2 O 3 plasma-coated Lambertian (diffusely reflecting) target. The total solar radiative power input P solar was calculated by flux integration and verified by water calorimetry. Temperatures were measured using type-B thermocouples. Gas flow rates were regulated using electronic mass flow controllers (Bronkhorst F-201 C). The cavity pressure was monitored using a capacitance diaphragm vacuum gauge (THERMOVAC TTR 101). A dry vacuum pump (Adixen ACP 15) was attached to the outlet port of the solar reactor via two parallel electropneumatic (Pfeiffer AVC 025 PA) and variable-cross-section magnet (SMC PVQ 33-6G-40-01F) valves for soft evacuation during the reduction step, which were bypassed via a magnet valve (SMC VX214FGAXB) during the oxidation step. Product gas composition was analyzed downstream by gas chromatography (Varian 490), supplemented by an electrochemical sensor for O 2 (Siemens Ultramat 23) and IR detectors for CO and CO 2 (Siemens Ultramat 23). Uncertainty in the gas compositions and flow rates was estimated by propagating measurement accuracies using the manufacturer's specifications.
Cyclic run
During the reduction step, the reactor is heated by a solar radiative power input in the range P solar = 2.4-4.1 kW (C = 1909-3262 suns, averaged over the aperture) to the desired reduction temperature in the range T reduction = 1450-1500 1C while maintaining a vacuum pressure in the range p total = 10-1000 mbar. During the oxidation step, the solar reactor is cooled to the desired oxidation temperature in the range T oxidation = 700-1000 1C by turning off the radiative power input (P solar = 0) while injecting CO 2 at flow rates in the range :
and maintaining ambient pressure. O 2 and CO, generated during reduction and oxidation, respectively, exit through the same annular gap connected to a rear outlet port but never mix because of the temporal separation. Typically, the duration of each redox step is approximately 15 minutes. Either vacuum pressures (p total = 10-1000 mbar) or Ar purging ( : V Ar = 0.625-7 L min À1 ) were applied to maintain a low p O 2 value during the reduction step. Thus, to account for the parasitic energies due to vacuum pumping or inert gas consumption, the solar-to-fuel energy efficiency is calculated by
, where DH fuel is the molar heating value of CO produced (DH fuel = 283 kJ mol À1 ), Ð r fuel dt is the molar rate of CO produced integrated over the duration of the oxidation step, Q solar ¼ Ð P solar dt is the total solar energy input integrated over the duration of the reduction step, and Q pump and Q inert are the energy penalties due to vacuum pumping and inert gas consumption during the reduction step. 50 Note that this definition of Z solar-to-fuel does not account for the optical efficiency of concentrating the DNI, which typically assumes values around 85-90% for parabolic dishes and heliostat fields because of imprecise reflectors and sun-tracking errors, but higher values are technically feasible with precision optics and non-imaging secondary concentrators for capturing spilled radiation. 8 
Experimental results
For all experimental runs reported here, time-integration of the measured O 2 and CO evolution rates over each cycle confirmed a closed mass balance for 100% selectivity of CO 2 to CO + 0.5O 2 , without any evidence of carbon deposition or any other by products. Fig. 2 shows the nominal solar reactor temperature, the total pressure, and the specific O 2 and CO evolution rates measured during two representative CO 2 -splitting redox cycles carried out under the combined temperature/pressure-swing mode. For comparison, both runs were performed under the same experimental conditions, except that either vacuum pressure (p total = 10 mbar with : . This in turn led to a significantly higher molar conversion of CO 2 to CO, which could be effectively controlled by initiating oxidation through the injection of CO 2 at a selected temperature T oxidation,start . This control strategy is put in practice in Fig. 3 for three cycles carried out under the same experimental condition, except that T oxidation,start = 700, 800, and 1000 1C. The instantaneous value of the CO 2 -to-CO molar conversion peaked at 83% for T oxidation,start = 700 1C, and decreased in time asymptotically as d approached its thermodynamic equilibrium, as shown in Fig. 3a . The cumulative CO 2 -to-CO molar conversion, calculated by integration of the measured CO evolution rate over time -equivalent to the purity of CO in the product gas collected -attained a peak value of 65% before oxidation was completed, as seen in Fig. 3b along with the specific CO yield. Thus, for controlling the fuel purity, the oxidation can be interrupted by stopping injection of CO 2 at a selected temperature T oxidation,end but at the expense of a lower CO yield. The trade-off between fuel purity and fuel yield is intrinsic to the dynamics of the oxidation step; optimization will be contingent upon the downstream processing of the fuel and the economics of the entire solar plant. As anticipated by thermodynamic analyses, 31, 32 increasing the mass flow rate of the inert gas affected negatively Z solar-to-fuel because both Q inert and Q pump increased monotonically with : V Ar and additional energy was wasted for heating a larger Ar flow to the desired T reduction (ref. 50 , Fig. S1, ESI †) . Still, when operating under vacuum pressures, a minimum purge gas flow of about 0.625 L min À1 was required to govern the fluid flow field.
We explored the possibility of completely eliminating the inert gas consumption by using instead ambient air as the purging gas at the same minimum flow rate for the run at p total = 10 mbar, resulting in analogous results to those employing Ar purging (ref. 50 , Fig. S3 , ESI †). The concentration of O 2 in the outlet gas collected during the reduction step was 69.6%, the remainder being N 2 and the other gaseous species in ambient air. In principle, purging with steam is thermodynamically favorable at p total = 10 mbar; after condensation, it would yield pure O 2 as a valuable by-product. The overall kinetics of the redox cycle were controlled by heat and mass transfer within the solar reactor and not by solidstate diffusion within the crystal lattice of ceria. Specifically, the reduction step was limited by the rate of radiative heat transfer, as verified by the experimentally determined d(t), i.e. the timeintegrated O 2 evolution rate, that matched d at equilibrium for the measured T and p O 2 , consistent with previous findings. 26 This was indeed expected from the measured values of ambipolar diffusion coefficients of oxygen in ceria, 33 in the range 1.5Â10 À5 -4Â10 À4 cm 2 s À1 for 1400-1550 1C, which translated to reduction times in the order of milliseconds for the length scales given by the RPC's porous struts. High-flux radiation, entering through the cavity's aperture at C 43000 suns, was volumetrically absorbed by the RPC, as predicted by its effective (dashed lines) applied during the reduction step. Experimental conditions during reduction: P solar = 3.5 kW, T reduction = 1500 1C. Experimental conditions during oxidation: P solar = 0 kW, T oxidation,start = 1000 1C, T oxidation,end = 600 1C, : V CO 2 = 7 L min À1 at p total = 1 bar. Fig. 3 Strategy for controlling the CO 2 -to-CO conversion. (a) Nominal solar reactor temperature, total pressure, specific O 2 and CO evolution rates, CO concentration (solid lines) and the corresponding thermodynamic limit (dashed lines) during three CO 2 splitting cycles with varying T oxidation,start .
(b) Cumulative CO 2 -to-CO molar conversion and specific CO yield vs. reactor temperature for the three cycles of (a). Experimental conditions during reduction: P solar = 3.5 kW, T reduction = 1450 1C, :
, and p total = 10 mbar. Experimental conditions during oxidation: P solar = 0 kW, : V CO 2 = 3 L min À1 , p total = 1 bar, and T oxidation,start = 1000, 800, and 700 1C. , calculated by collision-based Monte Carlo ray tracing at the pore level on the exact 3D digital geometry obtained by computer tomography. 34 Radiative absorption was further augmented by the surface reflectivity of ceria decreasing with the nonstoichiometry as reduction progressed. 35 In contrast, for the oxidation step, the measured d(t) fell short of its equilibrium value as confirmed by the thermodynamic limit curves in Fig. 3a , consistent with solar-driven thermogravimetric measurements performed on the same RPC exposed to high-flux irradiation. 36 Presumably, oxidation rates were limited by gas-phase mass transport limitations as well as hindered by reversible lattice compression, as evidenced by Raman spectroscopy. 37 
Stability
The solar reactor displayed a stable temperature/vacuum-swing mode of operation without observable degradation. Fig. 4a shows the nominal solar reactor temperature, total pressure, and specific O 2 and CO evolution rates of five consecutive cycles. In Fig. 4b , the cycles #2, 3, 4 and 5 are also plotted on top of each other to corroborate excellent repeatability of both heating and reaction rates. Long-term stability of the RPC was demonstrated in 500 consecutive redox cycles using an IR furnace that enabled tight temperature control and rapid cycling (ref. 50 , Fig. S4 and S5, ESI †). The O 2 yield was constant throughout the cycling (Dd = 0.031), attributed to the stable oxygen exchange capacity of ceria, provided that its fluorite-type crystallography is not altered. 11 Scanning micrographs before and after the 500 consecutive redox cycles (ref. 50 , Fig. S6 , ESI †) revealed that the mm-sized pores within the struts of the RPC were preserved. Cracks within the grains were formed but they did not disturb the redox performance, as confirmed by the constant Dd.
Although the RPC remained intact, the effect of these cracks on the structure's strength is unknown. It was found that the fabrication methodology (e.g. particle size, slurry composition, pore-forming concentration, and the sintering protocol) could strongly affect the structural integrity of the RPC.
Energy efficiency
For each of the cycles #2, 3, 4, and 5 of Fig. 4b , Z solar-to-fuel = 5.25% (standard deviation: 0.04%). A detailed energy balance reveals the partition of the total input energy (Q input = Q solar + Q inert + Q pump ) and guides the path forward for future developments. The reaction enthalpy for the reduction of ceria (eqn (2); DH E 475 kJ per mole of atomic oxygen) amounted to 8.8% of Q input , which is higher than Z solar-to-fuel because of the exothermic oxidation (eqn (3); DH E À192 kJ per mole). The heat rejected can be recovered, as explained in the next paragraph. ) obtained by fitting Darcy's law to the solution of the Navier-Stokes equations on the 3D tomographic scans. 34 The energy penalty due to inert gas consumption was only 0.6% of Q input because of the low mass flow rate (0.625 L min
À1
) used during the reduction step, but even this penalty can in principle be eliminated by replacing Ar with ambient air as proved experimentally. Re-radiation through the aperture amounted to 9.5% of Q input and thereby smaller than estimated for isothermal cycling [15] [16] [17] because the nominal reactor temperature was below T reduction for the most part of the reduction step. It may be further lowered by operating at a higher solar flux concentration C (see eqn (1)), which can be achieved by incorporating a non-imaging secondary concentrator at the cavity's aperture, e.g. a compound parabolic concentrator, 8 which enables the same P solar through a smaller aperture size. Attenuation by the window, i.e. reflection and absorption, accounted for 6.6% of Q input , which may be reduced to some extent by selective coatings. Conduction heat losses amounted to 9.3% of Q input , which can be readily reduced by scaling up because of the lower surface-to-volume ratio. Moreover, conductive losses can even be eliminated by using an array of solar reactor modules arranged side-by-side, each attached to hexagon-shaped CPCs in a honeycomb configuration. Such a scale-up concept for a solar tower would also enable the capture of spilled radiation by the concentrating heliostat field. Further assembling the array of solar reactor modules in at least two clusters and focusing the heliostat field alternately onto each cluster would enable the simultaneous and continuous operation of both redox steps of the cycle without interruption of the incident solar radiative power.
The dominant source of irreversibility of the cycle was due to the heating phase during the switch from the oxidation at T oxidation to the reduction at T reduction , requiring 62.8% of Q input . This fraction can be significantly lowered by heat recovery via thermal energy storage. Storing high-temperature heat for subsequent re-use can be integrated in the cyclic process, for example by using a thermocline-based packed bed of rocks, which has been already demonstrated at the 6.5 MWh th pilot scale. 38 By using two of these units in series and placing the solar reactor between them, two opposite mirror-like thermoclines with the hot side connected to the solar reactor can be established and shifted back-and-forth by the heat transfer fluid to recuperate a significant portion of the sensible heat during cooling from T reduction to T oxidation and deliver it back during heating from T oxidation to T reduction . 39 Recovering only half of it would potentially boost Z solar-to-fuel to values exceeding 20%. 40, 41 In this study, no attempt was undertaken to recover the sensible heat rejected during the temperature-swing cycling. Alternative redox materials, e.g. doped ceria 42, 43 and perovskites, [44] [45] [46] [47] are being assessed for superior redox performance.
Although some of these materials exhibit higher d red À d ox compared to undoped ceria at the same T reduction and p O 2 , oxidation with CO 2 is thermodynamically less favorable, leading to lower specific fuel productivity. Indeed, specific CO yields of undoped CeO 2 can only be surpassed by using high amounts of excess CO 2 and/or by operating at much lower T oxidation , both approaches implying additional energy penalties to heat excess CO 2 and/or to overcome larger temperature differences between the redox steps, ultimately resulting in lower Z solar-to-fuel compared to ceria under most conditions. 42, 47 Besides, excess CO 2 disturbs the fuel purity.
As far as the chemical stability is concerned, irreversible changes such as the formation and eventual segregation of carbonate phases are undesired even to low extents in view of prolonged cyclic operation. 48 Thus, the quest for superior redox materials continues, but in the meantime, ceria is already proven to be a suitable and reliable one.
Conclusions
In sum, the stable and efficient splitting of CO 2 into CO and O 2 was accomplished via ceria redox cycling carried out under a temperature/pressure-swing operational mode. Crucial to this demonstration is an optimized solar cavity-receiver configuration containing a scalable porous RPC structure made of ceria with dual-scale porosity, which exhibited stability, robustness, and enhanced heat and mass transport properties for rapid reaction kinetics of both redox steps. The measured solar-to-fuel energy efficiency of 5.25% is comparable to the highest value reported to date (using a PV-electrolyzer 3 ), with the additional benefit of total selectivity and high fuel purity. It also represents a boost by a factor of 3 from the next highest reported value to date by a thermochemical redox cycle, 28 mainly due to the optimized reactor configuration and the significantly lower energy penalty of vacuum pumping as compared to that of inert gas recycling for maintaining a low p O 2 value during the reduction. Higher efficiencies are readily possible by partial heat recovery, scaling up, and other practical measures elucidated by the energy balance. If methanol or Fischer-Tropsch fuels (e.g. kerosene) are the final target, an overall system efficiency (including downstream processing) of 7% would make the solar thermochemical path economically competitive vis-à-vis other renewable production paths, 6 and the impact on climate would be negligible with provision of CO 2 by air capture or from biogenic sources, 49 making this approach truly sustainable for the production of liquid hydrocarbon fuels for the transportation sector, especially for aviation. Moreover, its large-scale industrial implementation, e.g. by means of an array of solar reactor modules on top of a solar tower, can make use of the solar concentrating infrastructure already developed for commercial CSP plants.
